Abstract New records of stable silicon isotope signatures (δ 30 Si) together with concentrations of biogenic opal and organic carbon from the central (9°S) and northern (5°S) Peruvian margin reveal changes in diatom productivity and nutrient utilization during the past 20,000 years. The findings are based on a new approach using the difference between the δ 30 Si signatures of small (11-32 μm) and large (>150 μm)
Introduction
The Eastern Equatorial Pacific (EEP) hosts areas of pronounced biological productivity, the variability of which has been closely coupled with global climate and the carbon cycle [Chavez and Barber, 1987] . Modern and past variability of the system on seasonal and interannual timescales has been shown to be controlled by oceanic and atmospheric circulation, e.g., the meridional shifts of the Intertropical Convergence Zone (ITCZ), the Walker and Hadley circulation as well as El Niño-Southern Oscillation (ENSO) [Barber and Chávez, 1983; Fiedler and Talley, 2006; Pennington et al., 2006] . Superimposed on seasonal ocean-atmosphere cycles, interannual variability is generated by the ENSO [Cane, 2005] , characterized by sea surface temperature (SST) anomalies affecting the seasonal shifts of the ITCZ [Garreaud et al., 2009] . However, there is conflicting evidence about the role of the ENSO-like variability on glacial-interglacial timescales. While some studies concluded the prevalence of an El Niño-like mean climate state during Termination 1 (T1; 19-11.7 ka B.P.), others favored hypothesis of a La Niña-like mean state [Koutavas et al., 2006; Pena et al., 2008; Stott, 2002] .
Paleoceanographic studies of the EEP climate system have suggested that millennial to glacial-interglacial scale variations were triggered either by ocean-atmosphere interaction and orbital parameters controlling the position of the ITCZ or by changes in the intensity of the Atlantic Meridional Overturning Circulation (AMOC) causing stronger equatorial upwelling via the intensification of the northeastern (NE) trade winds [Timmermann et al., 2007; Sifeddine et al., 2008; Gutiérrez et al., 2009; Kienast et al., 2013; Dubois et al., 2014; Salvatteci et al., 2014b] . For instance, reconstructions of sea surface and subsurface temperatures (SST) from the equatorial Pacific have been applied to estimate the Walker circulation strength [Kienast et al., 2013] and foraminifera-based stable isotope records (δ 18 O and δ in subsurface water supply via "ocean tunneling" between the Southern Ocean and low latitudes since the Last Glacial Maximum (LGM; 23-19 ka B.P.). These studies have suggested that during Heinrich Stadial 1 (HS1; 18-15 ka B.P.) the ITCZ moved southward (i.e., El Niño-like mean state) in response to Northern Hemisphere cooling and to AMOC reduction that caused enhanced equatorial upwelling by the intensification of the Central American gap wind system (e.g., NE trade winds) [Timmermann et al., 2007; Kienast et al., 2013; Dubois et al., 2014] . In contrast, equatorial eolian dust analyses [Xie and Marcantonio, 2012; bin Shaari et al., 2013] indicated a northward shift of the ITCZ during Termination 1 (19 ka to 11 ka B.P.; T1). This is supported by a saltier thermocline (δ 18 O, δ 13 C, and Mg/Ca measurements) [Pena et al. [2008] ) and increased diatom productivity (biomarkers) [Makou et al. [2010] ) reflecting a La Niña-like mean state.
The changes described above should be directly reflected in marked variations in past upwelling intensity, diatom productivity, and thus nutrient utilization off Peru, but there are not many detailed records available [De Vries and Schrader, 1981; Schrader and Sorknes, 1991; Schrader, 1992] . Today, the high nutrient availability in the coastal area off Peru promotes a phytoplankton community that is dominated by diatoms [Blasco, 1971; Estrada and Blasco, 1985; Bruland et al., 2005; DiTullio et al., 2005] . High export rates of biogenic opal via episodic diatom bloom events are recorded in laminated sediments of the essentially oxygen-free bottom waters beneath the upwelling centers on the Peruvian shelf [Brodie and Kemp, 1994; Salvatteci et al., 2014a; Fleury et al., 2015; Schönfeld et al., 2015] .
Variations in past productivity as well as changes in the diatom community have been shown to indicate shifts between the proposed El Niño-and La Niña-like mean states that reflect larger-scale oceanographic and climatic changes [Fleury et al., 2015] . At multicentennial scale, Northern Hemisphere cold periods (e.g., the Little Ice Age (LIA); 1400-1850 A.D.), the Peruvian Upwelling Ecosystem (PUE) was characterized by strongly diminished biological productivity and nutrient utilization associated with a deeper thermocline, i.e., an El Niño-like mean state. This was paralleled by a weakened Walker circulation and associated trade winds [Sifeddine et al., 2008; Gutiérrez et al., 2009; Ehlert et al., 2015] as well as by higher precipitation caused by a southward shift of the ITCZ [Gutiérrez et al., 2009; Sachs et al., 2009] . In contrast, during warm periods (e.g., the Medieval Climate Anomaly; 900-1350 A.D.) productivity markedly increased, mainly caused by enhanced Walker circulation, more intense trade winds, and a shallower thermocline in conjunction with a northerly position of the ITCZ and a strengthened South Pacific Subtropical High (SPSH) [Gutiérrez et al., 2009; Salvatteci et al., 2014b; Ehlert et al., 2015] . However, it remained always difficult to unravel whether climate change at such timescales had similar or different effects on upwelling intensity, productivity, and nutrient utilization, preventing full understanding of the complex interplay between forcing and response mechanisms in the PUE.
In recent years the application of stable silicon isotope (δ 30 Si) compositions of sedimentary diatoms has been successfully established as an indicator for past dissolved silicic acid (Si(OH) 4 ) utilization by diatoms in surface waters. Several studies investigated the modern [Beucher et al., 2008 [Beucher et al., , 2011 Ehlert et al., 2012; Grasse et al., 2013] and past silicon (Si) cycle in the EEP [Pichevin et al., 2009] and PUE . These studies showed that intense upwelling and productivity are associated with stronger utilization of surface water Si (OH) 4 by diatoms in upwelling regions, which leads to overall high δ
30
Si signatures of diatom frustules preserved in the underlying sediments [Pichevin et al., 2014; Ehlert et al., 2013 Ehlert et al., , 2015 . Furthermore, the differentiation between δ
Si signatures of small diatom species and large handpicked diatom species recently supported their linkage to upwelling intensity [Doering et al., 2016] . This approach is based on the finding that the larger diatom species reflect stratified conditions and near-complete nutrient utilization indicated by high δ 30 Si Coscino values. In contrast, the δ
Si bSi signatures of small diatom species record the gradual increase in seawater δ
Si as a result of progressive Si(OH) 4 utilization during intense bloom events in direct response to the strength of upwelling [Doering et al., 2016] . Hence, variable degrees of upwelling intensity and silicate utilization along the modern shelf result in lower δ 30 Si bSi signatures when upwelling was weak and vice versa, whereas δ 30 Si Coscino signatures show continuously high values reflecting the prevailing Si(OH) 4 limitation along the shelf during stratified conditions. Accordingly, Δ
Si values are lowest in areas of most intense upwelling conditions and highest where weak upwelling and low Si(OH) 4 concentrations do not permit intense blooms [Doering et al., 2016] . However, a substantial influence of the diatom assemblage on past δ 30 Si records due to species-specific fractionation factors, as reported previously [Sutton et al., 2013] , could be excluded by the applicable estimations off Peru so far [Doering et al., 2016] .
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In this study we aim to resolve the regional response of the PUE to basin-scale atmospheric and oceanographic variability during the last transition from a glacial into an interglacial climate state. We combine the reconstruction of past productivity with those of nutrient utilization and upwelling intensity. Past productivity is derived from accumulation rates of biogenic opal (bSi) and particulate organic carbon (C org ), whereas nutrient utilization is reconstructed from the δ 30 Si signatures of different diatom fractions Si bSi ) measured on the same sediment samples, as well as the diatom assemblage within the small diatom fraction (11-32 μm) [Ehlert et al., 2012; Doering et al., 2016] .
Regional Setting
The climatic and oceanographic conditions in the EEP are a result of interactions of basin-scale atmospheric circulation with local effects occurring at the land sea interface [Strub et al., 1998 ]. The SPSH drives equatorward winds along the western coast of South America (Figure 1 ). During austral winter, strong crossequatorial southeast (SE) trade winds drive enhanced upwelling along northern South America causing surface cooling and an enhanced cross-equatorial SST gradient (Figure 1b) [Wyrtki, 1981] . During austral summer trade winds and upwelling weaken, which results in higher SSTs in the EEP and thus in a weaker Figure 1 . Comparison of environmental parameters controlling present-day austral summer and winter conditions off Peru: (a) austral summer; Left: Mean precipitation rate (mm/day; June-August). The position of the ITCZ is indicated by white dotted lines, and the approximate position of the Subtropical High is marked (H). The black (EEP) and gray (Chilean coast) circles indicate core sites used for comparison of opal fluxes, white circles indicate cores sites used for comparison of stable silicon isotope records, while white stars indicate the two new cores presented in this study (see Table 2 ). Right top: Mean Sea Surface Temperatures (SST). Right bottom: Chlorophyll a concentration. (b) Austral winter; Left: Mean precipitation rate (mm/day; December-February); Right top: Mean Sea Surface Temperatures (SST); Right bottom: Chlorophyll a concentration; Solid white arrows indicate surface currents: SEC, South Equatorial Current; PCC, Peru-Chile-Current; PCCC, Peru Coastal Current. Dashed arrows show subsurface currents: EUC, Equatorial Undercurrent; pSSCC, primary Southern Subsurface Counter Current; sSSCC, secondary Subsurface Counter current; PCCC, Peru-Chile Counter Current; PCUC, Peru-Chile Undercurrent. Precipitation rates were averaged over the last 30 years from NASA GPCP (http://iridl.ldeo.columbia.edu) [Adler et al., 2003; Huffman et al., 2009] . SST and Chl a are given for 2008 and were generated via http:// oceancolor.gsfc.nasa.gov/cgi/. A list of the detailed locations and water depths of the cores displayed in Figure 1a is given in Table 1 .
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cross-equatorial SST gradient ( Figure 1a ) [Chelton et al., 2001] . To the north the system is bordered by the ITCZ, which constitutes the belt of converging northern and southern trade winds, associated with intense convection and precipitation. Today, the ITCZ migrates between 3°N in austral summer (February-March; Figure 1a ) and 10°N in austral winter (August-September; Figure 1b) , respectively [Wyrtki, 1975; Kessler, 2006] .
Along the Peruvian margin between 1°N and 18°S ( Figure 1a ) SE trade winds drive surface waters northward, thereby generating along the shore the Peru-Chile Coastal Current (PCCC) and farther offshore the Peru-Chile Current (PCC) (Figure 1b ) [Fiedler and Talley, 2006, and references therein] . The southward flowing subsurface Peru-Chile Undercurrent (PCUC) is the main source of the waters upwelling off Peru [Zuta and Guillén, 1970; Brink et al., 1983; Toggweiler et al., 1991] . Approximately 30% of the PCUC waters originate from three subsurface currents [Montes et al., 2010] : the eastward flowing subsurface waters of the Equatorial Undercurrent (EUC; 1.5°N-1.5°S), the primary Southern Subsurface Counter Current (pSSCC; 2°S-4.7°S), and the secondary Southern Subsurface Counter Current (sSSCC; 5.8-8.2°S) (Figure 1c ) [Brink et al., 1983; Toggweiler et al., 1991] . The remaining 70% of the PCUC waters originate from upwelling from below the PCUC (35%) and [Montes et al., 2010] . The PCUC reaches its maximum velocity between 6°S and 10°S, leading to decreased deposition of sediments and reworking of bottom sediments [Suess et al., 1987] . Farther south, the velocity of the subsurface current decreases allowing enhanced sediment deposition and high sedimentation rates along the upper continental slope [Krissek et al., 1980; Suess et al., 1987] . The shape of the coastline leads to the development of several main upwelling centers located today at 4-6°S, 7-9°S, 11-13°S, and 14-16°S [Zuta and Guillén, 1970; de Mendiola, 1981] . Although effects of erosion and reworking are often excluded because of the presence of finely laminated sediment intervals, modern sediments between 5°S and 10°S as well as sediment cores covering T1 and the Holocene reveal large discontinuities in the sediment record [Skillbeck and Fink, 2006; Erdem et al., 2016] . These discontinuities in the sedimentary record have been attributed to the erosion by strong bottom currents (velocity of the PCUC) [e.g., Reimers and Suess, 1983; Reinhardt et al., 2002; Skillbeck and Fink, 2006] , earthquakes [Salvatteci et al., 2014a] , and/or nonlinear internal waves (NLIWs) [see Erdem et al., 2016] causing sediment erosion and sediment redistribution or bioturbation caused by periodic bottom water oxygenation [Levin, 2003] . Nonetheless, recent reconstructions applying stacked sediment approaches have shown to produce reliable records focusing on laminated sediment sections [Salvatteci et al., 2014a] .
Primary productivity (PP) off Peru is mainly controlled by the supply of macronutrients and micronutrients (e.g., nitrate, Si(OH) 4 , phosphate, iron (Fe), and cadmium) [see Messié and Chavez, 2015] . The phytoplankton community is generally composed of early successional stages dominated by small diatoms (5-30 μm) with high reproduction rates, while later successional stages are characterized by larger-sized species [MacIsaac et al., 1985; Tarazona et al., 2003; Doering et al., 2016] . This change in specific composition is closely related to the transition from vertically mixed to more stratified conditions. In oceanic waters, which can be found farther offshore, the phytoplankton community is dominated by dinoflagellates and large diatoms with low reproduction and assimilation rates [Ochoa and Gomez, 1981; Sanchez et al., 2000; Ochoa et al., 2010] .
El Niño events are characterized by warmer SSTs, the weakening of the trade winds, and a deepening of the thermocline in the eastern and central tropical Pacific. Consequently, during El Niño events upwelling delivers only warm, nutrient-poor waters to the surface due to a deepened thermocline [Huyer et al., 1987] . Tropical surface waters reach the Peruvian coast [Sanchez et al., 2000] reducing PP by about 50% and shifting the phytoplankton community to dinoflagellates and large subtropical diatom species [Barber and Chávez, 1983; Chavez, 1989] . In contrast, La Niña events are associated with a stronger Walker (west-east or zonal) circulation and a thermocline shoaling resulting in an intensification of the coastal cold tongue.
Material and Methods
This study presents new records of two piston cores together with two previously published records, which for the first time enable a reconstruction of upwelling intensity and utilization due to biogeochemical and oceanographic changes of the past 20,000 years along the entire Peruvian Margin ( [Doering et al., 2016] and SO147-106KL (106KL; 12°03′S, 77°40′W, 184 m water depth) , the latter of which was extended for this study by seven new δ 30 Si Coscino measurements for this study.
Core Descriptions
The sediment cores retrieved from the shelf (i.e., 029, 106KL, and 003) show the characteristic laminations consisting of alternating diatom ooze and dark olive gray sediment dominating large sections of the cores ( Figure 2 ). Only sediment core 052, located considerably offshore at the northern rim of the PUE, consists of homogenous olive gray, foraminifera-bearing mud without any lamination. Likewise, the first 2 m of core 029 consists of a similar homogenous dark olive gray clayey/silty mud-bearing foraminifera, while the rest of the core (2-13.5 m) is characterized by finely laminated diatom ooze intercalated by olive and yellow silty clay . Similarly, sediment cores 106KL and 003 consist entirely of dark olive gray mud, intercalated with dark grayish to pale yellow laminated intervals of diatom ooze. Core 106KL is marked by a hiatus in the sedimentation at about 3 m depth (between 6 ka and 8 ka B.P.). Otherwise laminated sediments are found throughout the entire core rarely intermitted by short homogenous sections. In comparison, laminations in core 003 are more frequently interrupted by small slumps and indications of short intervals of bioturbation, but the sediment record otherwise continuously covers the past 17,700 years without major disturbances or hiatuses [Doering et al., 2016] .
Age Models
The age model of core 052 [Erdem et al., 2016] . The conventional radiocarbon dates were calibrated using the software Calib 7.0 and applying the marine calibration set Marine13 [Reimer and Bard, 2013] . The age model of core 029 originally based on 11 AMS 14 C datings [Mollier-Vogel, 2012] was improved by six additional AMS 14 C measurements (see supporting information S1 and Table S1 ). All measurements were performed at the Leibniz Laboratory for Radiometric Dating Isotope Research and Dating at Kiel University. All 14 C ages were corrected by applying a reservoir age of 511 ± 278 years following Ortlieb et al. [2011] . The resulting ages were converted into calendar years using the program CLAM2.2 [Blaauw, 2010] and the Marine13 calibration curve (see supporting information Table S2 ) [Reimer and Bard, 2013] . CLAM2.2 was further used to provide a best fit between radiocarbon ages using a "smooth spline" age model (supporting information Figure S1 ). Published age models based on AMS 14 C ages were used for core 106KL [Rein, 2004] and for core 003 [Doering et al., 2016] . All ages are given in 1000 calendar years before 1950 A.D. (abbreviated as ka B.P.).
Biogenic Opal, Particulate Carbon, and Silicon Isotope Analyses
The bSi and organic carbon (C org ) concentrations for core 029 originate from Mollier-Vogel [2012, PhD Thesis] (Table 1 ; for all data see supporting information Table S3 ). Prior to geochemical analyses the freeze-dried sediments were grounded in an agate mortar. The amount of bSi was measured according to an automated leaching method using sodium hydroxide [DeMaster, 1981; Müller and Schneider, 1993] with a precision of 1-2% (1σ). The total C org content was determined by combustion of the sediment samples using a CarloErba element analyzer (NA 1500). Accumulation rates (ARs) were calculated using dry bulk density (g/cm 3 ) and sedimentation rates (SRs; cm ka À1 ) obtained based on the age models. et al. [2012, 2013] and Doering et al. [2016] . For all samples the purity of the small diatom fraction was evaluated via light microscopy prior to dissolution and only pure (>95%) diatom samples were treated further. An exception was the 11-32 μm diatom fraction in the Holocene section of core 029 where high sponge spicule abundances ranging from 6 to 12% equivalent to 8 to 16% in biovolume have been observed (see supporting information for detailed calculation; see also supporting information Other siliceous organisms, such as radiolarians or silicoflagellates accounted for less than 1% of the total sediment throughout all cores. In addition to the separation of the small diatom fraction large diatoms were handpicked from the 125/150-250 μm size fraction following Ehlert et al. [2012] .
All diatom samples were dissolved in 1 mL 0.1 M NaOH and treated with 200 μL concentrated H 2 O 2 (Suprapur). Sample solutions were diluted with 4 mL MQ water and neutralized with 0.1 mL 1 M HCl [Reynolds et al., 2008] , followed by a chromatographic purification with 1 mL precleaned AG50W-X8 cation exchange resin (BioRad, mesh 200-400) [de Souza et al., 2012b] . The Si isotope ratios were determined in 0.6 ppm sample solutions on a NuPlasma HR MC-ICPMS at GEOMAR via a standard-sample bracketing method [Albarède et al., 2004] Si values of 0.00 ± 0.23‰ (2σ, n = 23), À1.44 ± 0.24‰ (2σ, n = 21), and À10.59 ± 0.24‰ (2σ, n = 22), respectively, which are in good agreement with literature values [Reynolds et al., 2007] . All δ 30 Si measurements were run at least in triplicates with reproducibility (2σ; see Table 1 ) generally within the external reproducibility of ±0.23‰ (2σ).
Diatom Assemblage Data
The diatom assemblages were determined on the separated and cleaned 11-32 μm fractions by light microscopy (at 200-400X magnification; Figure 5 ; supporting information Table S4 ). Smear slides were prepared of every second sample, and when the amount of the sample is permitted, three transects of 300 specimens were counted. With the exception of fragments of Coscinodiscus spp. diatom species counts were only performed on those frustules of which at least two thirds of the frustule was preserved [Crosta and Koç, 2007] . The fragments of the large species were, however, all counted to estimate the contribution of the generally higher silicon isotope composition of this genus on the mixed signatures of the small-sized fraction. The abundances of three groups of diatom species representing particular environmental conditions were identified according to earlier studies off Peru [Schuette, 1980; de Mendiola, 1981; De Vries and Schrader, 1981; Schuette and Schrader, 1981; Abrantes et al., 2007] : (1) coastal upwelling with nutrient-rich, turbulent waters: Chaetoceros spp. and resting spores, Skeletonema costatum, Thalassionema nitzschioides var. nitzschioides; (2) coastal planktonic (temperate and cosmopolitan) with high-to-moderate nutrient waters: Actinocyclus spp., Actinoptychus spp., Asteromphalus spp., and Cyclotella spp.; and (3) other diatom species: oceanic planktonic (warm and temperate) from nutrient-depleted waters such as Nitzschia spp., and Rhizosolenia spp., as well as Thalassiosira spp., and benthic diatoms such as Biddulphia spp., Cocconeis spp., and Delphineis karstenii.
The determination of the diatom assemblages in the 11-32 μm fraction is only a qualitative simplified approach compared to the bulk sediment assemblage analyses given that the specific size range excludes smaller and larger diatom species. However, it was shown that this size range closely reflects the main assemblage composition and is suitable to contribute to the interpretation of the corresponding δ 30 Si bSi signatures [Ehlert et al., 2012 . Nonetheless, due to the loss of substantial amounts of small upwelling-related species associated with the 11-32 μm fraction during sample preparation, the diatom assemblage of this size 
Results and Discussion
The new records of cores 052 and 029 complement those already existing for bSi and C org concentrations and sedimentation rates and resulting opal and organic carbon fluxes (AR bSi and AR Corg ), δ 30 Si bSi , and δ 30 Si Coscino records obtained from cores 106KL and 003 at the Peruvian margin (see Table 2 and Figures 3 and 4) . We combine the four records to comprehensively evaluate latitudinal shifts and changes in the degree of nutrient utilization (based on δ 30 Si bSi and δ 30 Si Coscino ) together with changes in productivity and upwelling intensity (based on bSi and C org and diatom assemblages; Figures 3-5) . Hereby, we focus on the comparison of the present-day conditions to changes during the Holocene and T1 for the coastal upwelling area off Peru between 5°S and 15°S.
The data set demonstrates that large and systematic variations in sedimentation, productivity, nutrient utilization, and upwelling intensity occurred over time at all four sites (i.e., temporal variations). It also documents pronounced spatial differences between the different locations along the Peruvian margin. All data indicate a correspondence of intensified upwelling conditions (diatom assemblage and Δ 30 Si Coscino-bSi ) with elevated δ 30 Si signatures as previously suggested for coastal upwelling systems Pichevin et al., 2014; Ehlert et al., 2015; Doering et al., 2016] . However, we do not observe synchronous changes in productivity and upwelling intensity between T1 and the Holocene at the different core locations along the margin (i.e., spatial variations).
Regional Changes in Past Sedimentation Regimes and Productivity
In general, sedimentations rates (SRs) and bSi concentrations (wt %) covary in the records from the PUE, while the C org content indicates a general increase from the glacial to the Holocene (Figure 3) . Furthermore, periods of highest SR and thus ARs are associated with laminations in the sediment records. Although changes in past SRs are likely partly influenced by the hydrographic changes (velocity of PCUC, NLIWs, and bottom water oxygenation) we interpret the general trends of AR bSi and AR Corg records to mainly reflect changes in productivity.
Core 052, located in the northern part of the margin below the shelf break, is the only core without any distinct changes in SR. This record is characterized by overall very low SR of 20 to 27 cm ka À1 that results in the lowest AR bSi and AR Corg values of our Peruvian margin section of 0.5-1.4 g cm À2 ka À1 and 0.2-0.5 g cm À2 ka À1 , respectively.
Core 029 from 9°S at 400 m water depth is located within an area where at present only small amounts of sediment are deposited due to high-energy hydrographic conditions, such as peak velocities of the PCUC (for details see Erdem et al. [2016] ). Hence, both the modern and Holocene SRs (11-20 cm ka
À1
) and ARs ) were relatively low (Figure 3f ). In marked contrast, during T1 bottom currents were obviously less effective and not erosive, which is documented by sedimentation rates of up to 430 cm ka À1 at this location. ), a period unfortunately not covered by core 106KL, due to a hiatus between 6 and 8 ka B.P. Interestingly, after 2 ka B.P. AR bSi decreased in core 003 (2 g cm À2 ka
) when a Si record due to low sedimentation rates (cores 029 and 052). The hiatus in the sedimentary record of core 106KL between 6 ka and 8 ka B.P. is marked with dotted lines. upwelling is strongest and vice versa. In a complementary approach the upwelling intensity was determined based on the diatom assemblage of the 11-32 μm fraction [Doering et al., 2016] . Accordingly, intense upwelling conditions are reflected by high abundances of upwelling-related species between 10 and 60% ( Figure 5 Si bSi ) values of about +0.3‰ to +0.6‰ denoting high productivity (bSi) and upwelling intensity (abundance of upwelling-related diatoms >10%; Figure 5 ). . Cumulative diatom assemblages of cores 052, 029, 106KL, and 003; core top values are given as bar plot on the left hand-side; sponge spicules-black; other diatom species-white; Coscinodiscus spp. fragments-light gray; coastal planktonic species-gray; upwelling-related species-dark gray. The horizontal red dashed lines on the four records mark the 10% abundance of upwelling-related species. The microscopic images on the right side illustrate samples with a >50% contribution of other diatoms, mainly the subtropical species Thalassiosira eccentrica and Azpeitia sp. ( Figure 4c , orange squares) show a much lower mean value of +0.88 ± 0.34‰ in comparison to the signatures of the new samples and of the other cores, which are close to +1.5‰. As measurements precision and accuracy of the new and previously reported samples and standard material as well as surface sediment measurements [Ehlert et al., 2012; Doering et al., 2016] (Figures 3 and 4) . The above evidence is supported by a shift from laminated to nonlaminated sediments in the northern cores, hence from high productivity and oxygen-free bottom waters to low productivity and higher bottom water oxygenation (Figure 2 ) [Brodie and Kemp, 1994; Salvatteci et al., 2014a; Fleury et al., 2015; Schönfeld et al., 2015] . A new observation is the high abundance of other diatom species, mainly the subtropical groups Thalassiosira eccentrica and Azpeitia spp., at 8.2 ka and 1.9 ka B.P. in cores 106KL and 003. These high abundances likely reflect the periodical inflow of subtropical waters, potentially associated with El Niño-like conditions, at these times [Rein et al., 2005; Ehlert et al., 2013] (Figure 4a ). This is accompanied by high abundances of Coscinodiscus spp. fragments (>60%) within the 11-32 μm fraction (Figure 5a [Ehlert et al., 2012 Doering et al., 2016] .
Accordingly, any signal in the δ 30 Si bSi record reflecting changes in productivity or nutrient utilization associated with upwelling intensity is supposedly overprinted by the dominant influence of the δ 30 Si Coscino signature in the small fraction. However, the δ
30
Si records of core 052 agree well with the record of Ocean Drilling Program (ODP) site 1240, located in the equatorial high-nitrate, low-chlorophyll area of the EEP (Figure 4a ) [Pichevin et al., 2009; Arellano-Torres et al., 2011] . Accordingly, we suggest that near-complete Si(OH) 4 utilization and thus Si-limited conditions have prevailed in the surface waters at these two sites since HS1.
In summary, the combination of the proxy records (Figures 3, 4 , and 5) allows to reconstruct past variations in Si cycling along the Peruvian margin. The comparison of δ 30 Si bSi and δ
Si Coscino values (Figure 4) shows that the highest nutrient utilization occurred in the northern part of the PUE (i.e., 052 and ODP site 1240) over the entire 20,000 years. Within the shelf area to the south (cores 029, 106KL, and 003) utilization has generally been lower. During T1 utilization was highest at 9°S on the shelf and decreased to the south. The Si isotope values of cores 029, 003, and 106KL only converge during the Younger Dryas (YD) indicating the shift, the main upwelling intensity, and diatom productivity to the southern sites during the early Holocene. This switch in the spatial distribution of upwelling intensity is also reflected in the record of Δ
Si values. Accordingly, the Δ
Si values were generally low during HS1 and the YD (+0.25‰) and high during the Holocene (+0.65‰), while only the Δ 30 Si values of core 003 decreased from T1 to the Holocene, indicating a southward shift of the upwelling center during the Holocene (Figure 4f ).
Mechanisms Driving Past PP Variability and Upwelling Intensity: Response of the Peruvian Upwelling System to Past Forcing by the Ocean-Atmosphere Circulation
Variations in productivity off Peru have mainly been driven by changes in nutrient and Fe fluxes to surface waters, which vary due to changes in upwelling intensity induced by the trade winds as well as variable nutrient concentrations in subsurface waters [Loubere, 1999] . Those variations in upwelling strength are expected to have been closely coupled to ocean-atmosphere circulation, which determines the position and strength of the SPSH linked to Walker circulation strength as well as to the position of the ITCZ and the Southern Westerly Wind (SWW) (Figure 1 ) [Barber and Chávez, 1983; Strub et al., 1998 ]. Variations during the late Holocene have previously been suggested to follow Northern Hemisphere warm and cold periods, with increased upwelling intensity and PP (La Niña-like mean state) occurring during warm periods and reduced upwelling and PP conditions (El Niño-like mean state) during colder periods [Sifeddine et al., 2008; Gutiérrez et al., 2009; Salvatteci et al., 2014b; Ehlert et al., 2015] . However, the regional differences in the evolution of productivity, nutrient utilization, and upwelling conditions on the Peruvian shelf between 5°S and 15°S presented here indicate that the variations observed between the LGM and today were much more complex and likely influenced by local differences between core sites.
During T1, the observed decrease in productivity and upwelling intensity at 15°S, reflected by low AR bSi and δ 30 Si bSi and high Δ 30 Si (Figures 3 and 4) , is similar to the conditions reported during the LIA (1400-1850 A.D.) [Ehlert et al., 2015] . Such low surface productivity and upwelling intensity have been suggested to be driven by a more southerly position of the ITCZ and a weak/contracted SPSH inducing El Niño-like conditions [Sifeddine et al., 2008; Gutiérrez et al., 2009; Sachs et al., 2009; Ehlert et al., 2015] . This is consistent with interpretations based on EEP records for HS1 during T1 (Figure 6b ) [Dubois et al., 2011; Kienast et al., 2013] . In contrast, at the same time, productivity and upwelling intensity were highly variable at 12°S and do not seem to follow any specific driving mechanism (such as ITCZ movement or SPSH strength; see section 4.2). However, upwelling intensity and productivity are highly dependent on the shape of the coastline and shelf depth. As the sea level was up to 120 m below its present level [Fairbanks, 1989] prior to 10 ka B.P. the shape of the coastline was different, thus potentially causing shifts of the upwelling centers to different locations (Figure 3e ). Furthermore, core 106KL (12°S) was accordingly located in water depths as shallow as 60 m during T1 and turbulence in this near-shore area may periodically have been too intense to allow high surface productivity [Margalef, 1978] . The particular shape of the shoreline at 15°S to 16°S today also promotes strong coastal eddy formation leading to high near-shore productivity [Altabet et al., 2012; Stramma et al., 2013] , which might have been absent during T1. Hence, sea level-driven variations of the coastline at this location in the past may have significantly affected the record, which, however, remains to be verified through a dedicated modeling study and is beyond the scope of this study.
Altogether, during T1, the moderate to high δ 30 Si bSi signatures at 9°S and 12°S as well as low Δ 30 Si values and diatom assemblages with a considerable (>10%) amount of upwelling-related species clearly indicate that at least moderate to strong upwelling conditions were maintained in this area of the Peruvian margin all the time. Similar observations were previously made based on diatom assemblage records [De Vries and Schrader, 1981] and molecular organic geochemical proxies [Makou et al., 2010] at 11°S, both indicating continuously strong or at least moderate upwelling conditions during T1. Nevertheless, upwelling intensity and diatom productivity were substantially lower at 15°S (core 003) at the same time, suggesting a spatial shift in the main upwelling center from its modern location between 12°S and 15°S to 9°S and 12°S during T1. However, such a spatial shift in the main upwelling center is neither in agreement with a La Niña-like mean state, which should be accompanied by intense SE trade winds promoting upwelling along the whole margin, nor with an El Niño-like mean state which should cause low productivity along the whole area.
Prevailing high productivity and intense upwelling at 9°S after the LGM and at the onset of HS1 correlates with high bSi fluxes in the Southern Ocean [Anderson et al., 2009] , the equatorial Pacific (Figure 7a ) [Bradtmiller et al., 2006; Dubois et al., 2010; Hayes et al., 2011] , and at the Chilean Coast (Figures 7e and 7f ) [Mohtadi, 2004] between 10 ka and 15 ka B.P. The high productivity at the southern Chilean coast between 24°S and 30°S was suggested to be caused by a northerly position of the SWW and the Antarctic Circumpolar Current during the LGM (Figures 7e and 7f ) [Mohtadi, 2004] . This also enhanced vertical mixing in the Southern Ocean, leading to an increase in bSi production south of the Antarctic Polar Front during Antarctic warming between approximately 10 ka and 15 ka B.P. (concomitant with HS1; Figure 6b ) [Toggweiler et al., 2006; Anderson et al., 2009; Hendry and Brzezinski, 2014] . These records are consistent with a more northward position of the main upwelling center at 9°S off Peru (Figure 4f ), which likely occurred in response to the northward shift of the SWW and SPSH during the LGM followed by a transient southward shift during T1.
Based on the increased ventilation and enhanced surface productivity accompanied by a decrease in dust transport to the Southern Ocean, it was proposed that the increased formation of intermediate waters promoted the export of Si(OH) 4 to the low latitudes between 10 ka and 15 ka B.P. [Anderson et al., 2009; Hayes et al., 2011; Pena et al., 2013; Hendry and Brzezinski, 2014] , which may also potentially have stimulated diatom bSi PP in these regions. This is supported by records from the equatorial Pacific indicating high ( 230 Th normalized) bSi fluxes during T1, which strongly increase at the onset of HS1 (Figure 7a ) [Bradtmiller et al., 2006; Dubois et al., 2010; Hayes et al., 2011] . Increased nutrient supply to the EEP may have lifted the colimitation of surface productivity by Si(OH) 4 and Fe. In addition, based on alkenone paleothermometry, Dubois et al. [2011] and Kienast et al. [2013] proposed an increase in equatorial upwelling intensity to explain the doubling of export production in the equatorial Pacific during T1 [Hayes et al., 2011] . This increase was due to the enhancement of the NE trade winds as a consequence of a reduction in AMOC strength and hence intensification of the Central American gap wind system associated with the southward migration of the ITCZ during HS1. However, other studies favor a strengthened upwelling, thermocline shoaling, and increased equatorial productivity due to a La Niña-like mean state accompanied by an increase in SE trade winds as the main causes for the changes observed [Pena et al., 2008; bin Shaari et al., 2013] . In comparison to the evolution in bSi productivity in the equatorial Pacific during HS1, productivity did not increase during T1 at the northern shelf edge (5°S). Instead, the record rather indicates a decrease in upwelling intensity. Given that this location (5°S) is generally unaffected by the influence of strong coastal upwelling, regardless of the position of the upwelling cell, we can exclude a strong impact of changing nutrient supply, for example, via the EUC to the PCUC. This is in agreement with a nearby record at 3.5°S, where the enhanced influence of upwelled waters from the south was also not observed prior to 4 ka B.P. [Nürnberg et al., 2015] . Moreover, the high sedimentation rates and laminations observed at the central shelf (9°S) indicate a substantial decrease in current velocities and a shift in the hydrographic system at the onset of T1. Such a change may either be the result of an enhanced La Niña-like mean state [Montes et al., 2011] or could be explained by a weaker seasonal SST contrast and inferred decrease in EUC velocities during T1 [Nürnberg et al., 2015] .
Overall, the combined records of AR bSi , δ 30 Si bSi values, and diatom assemblages suggest that the onset of T1 was characterized by moderate upwelling and productivity between 9°S and 12°S, markedly different from modern conditions due to the more northern position of SWW and the SPSH. Southeasterly trade winds do not seem to have intensified as the coastal cold tongue did not expand farther north, which is in agreement with reports of a potentially weaker ITCZ during the LGM [McGee et al., 2014] . With the onset of HS1, a southward shift in the mean position of the ITCZ and the associated strengthening of the NE trade winds, Figure 7 . Downcore comparison of bSi fluxes from (a) the EEP [Bradtmiller et al., 2006; Pichevin et al., 2009; Dubois et al., 2010] , (b-d) the PUE Schönfeld et al., 2015; Doering et al., 2016, this study] , and (e, f) the Chilean Coast [Mohtadi, 2004] causing a regional increase in equatorial upwelling [Dubois et al., 2011; Kienast et al., 2013] , are consistent with the continuous decrease in upwelling intensity, productivity, and nutrient utilization at 9°S as well as with prevailing low productivity and upwelling intensity at 15°S. Accordingly, the southward movement of the ITCZ is in accordance with reconstructions of enhanced river runoff from northern Peru at this time period [Mollier-Vogel et al., 2013] . Modern conditions characterized by increased productivity and upwelling along the southern shelf were thus only established during the early Holocene after the YD. Ultimately, our reconstructions and comparison of past diatom productivity and upwelling conditions off Peru do not indicate shifts simply following El Niño-or La Niña-like mean states as neither the seasonal (Figure 1 ) nor interannual (i.e., ENSO) modern variability can explain the observed changes. This is in agreement with previous observations from the California upwelling system [McClymont et al., 2012] and rather supports a connection to shifts in the position of the ITCZ and SWW, affecting the SPSH. Accordingly, this would support studies from the equatorial Pacific indicating a southward shift of the ITCZ and upwelling induced by NE trade winds strengthened by a reduction of the AMOC (Figure 6b ) [Kienast et al., 2013; Dubois et al., 2014] .
However, while changes in atmospheric and oceanic circulation control the amount of productivity and upwelling intensity, nutrient concentrations and isotopic compositions of subsurface waters might be independently controlled by preformed seawater δ 30 Si signatures and Si(OH) 4 concentrations delivered to the PCUC linked to changes in Southern Ocean ventilation and productivity.
Potential Changes in Nutrient Concentrations and Isotopic Signatures of Upwelled Source Waters
Dissolved seawater δ 30 Si signals, apart from utilization, are influenced by the mixing of water masses [Reynolds et al., 2008; Fripiat et al., 2011] . The subsurface δ 30 Si distribution along the Peruvian margin was shown to record a combination of preformed seawater δ 30 Si signal and addition of a lower δ 30 Si signal originating from remineralization [de Souza et al., 2012a; Grasse et al., 2016] . Accordingly, the observed variations in the past δ 30 Si bSi and δ 30 Si Coscino records should also reflect possible changes in the preformed seawater δ 30 Si.
Modern Source Water Contributions and Compositions Along the Peruvian Shelf
The upwelling of the nutrient-rich PCUC along the Peruvian margin induces high productivity in surface waters. These nutrients are delivered to the PCUC via the EUC, sSSCC, pSSCC, and by remineralized Si(OH) 4 along the Peruvian margin [de Souza et al., 2012a; Grasse et al., 2013] . The modern EUC is composed of southern (Sub-Antarctic Mode Water; SAMW) and northern sourced (North Pacific Intermediate Water; NPIW) water masses, whereby the southern source supplies about 30% and the northern one contributes 70% of the dissolved Si(OH) 4 [Dugdale et al., 2002] . In consistency with this observation it has previously been shown that the SAMW is characterized by highly dissolved δ
30
Si signature of +1.8‰ and Si(OH) 4 concentrations of 10-15 μM ( Figure 6 and Table 3 ) [Cardinal et al., 2005 [Cardinal et al., , 2007 Hendry et al., 2010; de Souza et al., 2012a] . The NPIW is characterized by higher silicate concentrations around 30 μM [Dugdale et al., 2002] and a lower δ 30 Si signature of +1.3‰ [Reynolds et al., 2006] . Calculations of conservative mixing between these two sources lead to a dissolved Si(OH) 4 concentration of 24 μM and a δ 30 Si signature of +1.45‰ for the EUC (Table 3) . This is in agreement with the observed seawater δ 30 Si signatures for the EUC of +1.5 ± 0.2‰ .
Influence of Variations in Past Source Water Si(OH) 4 and δ 30 Si
The available bSi-based evidence from the Southern Ocean indicates that there were major ecological changes on glacial-interglacial timescales, which have led to a change in the composition of southern sourced intermediate waters (for simplification we will refer only to SAMW in the following) ( Figure 6 ). [Hendry and Brzezinski, 2014] , which was then advected to low latitudes, where it potentially controlled productivity in the equatorial Pacific as well as along the Peruvian margin via ocean tunneling. In a recent study Robinson et al. [2014] estimated much higher δ
30
Si values of dissolved silica of approximately +2.5‰ and increased concentrations of 18-20 μM for SAMW during HS1 (22 ± 6 μM) [Rousseau et al., 2016] .
Although a robust quantitative estimation of the relative contributions of southern versus northern Pacific source waters during T1 is not possible based on our data, an increase in supply from the south is very likely according to the existing published data. To evaluate the potential influence via a change in the preformed seawater δ 30 Si, we used Si(OH) 4 concentrations, flow, and fluxes of the EUC as reported previously by Dugdale et al. [2002] . Following the approach of Hayes et al. [2011] , we assumed NPIW as the only northern source and SAMW as the only southern source of nutrients to the EUC (Table 3) . During HS1 the estimated change in Si (OH) 4 flux from the south results in an increase to 42% from SAMW and reduces the contribution of NPIW to 58% (Figure 6b and Table 3 ), assuming no change in the northern source. This calculation is consistent with observations based on δ 13 C and ε Nd records from the EEP during this time interval [Spero, 2002; Pena et al., 2008; Hayes et al., 2011; Pena et al., 2013] . At the same time the dissolved Si(OH) 4 concentration of the EUC would increase by only 1.2 μmol/kg (difference between modern and T1 calculated Si(OH) 4 concentration; Table 3 ). Furthermore, due to the proposed increase in the seawater δ 30 Si signature of SAMW to +2.5‰, our calculation gives a seawater δ
Si signature of the EUC of +1.8‰ during HS1, which is 0.35‰ higher than the calculated modern value (+1.45‰; Table 3 Si bSi signatures reach comparable to modern values (+1‰) and Holocene values on the southern shelf (+1‰) but do not indicate a correspondingly strong increase in upwelling-related diatoms. Accordingly, given the only minor of about 0.2‰ for the preformed δ 30 Si(OH) 4 signature in the PCUC during HS1 and no significant change in the δ 30 Si Coscino records at 9°S at T1, we rule out a large influence silicon isotope records off Peru at that time.
Conclusions
In this study we present two new records of bSi fluxes, δ
30
Si signatures and diatom assemblages. We combine these new records with two previously reported records to reconstruct the variations of PP and nutrient utilization along the entire Peruvian margin for the past 20,000 years, which have responded to changes in atmospheric and oceanographic circulation since the LGM.
At the transition between the LGM and T1, productivity and utilization were markedly higher on the central shelf between 9°S and 12°S, indicating a slower PCUC and more intense upwelling conditions. At the same time, the southern shelf was characterized by low sedimentation rates, productivity, and upwelling intensity, most likely indicating a northward shift of the main upwelling center as a consequence of a southward shift of the ITCZ and the SWW belt. Although shifts in the past PUE could be coupled to general variations in ocean-atmosphere circulation (such as ITCZ and SWW position) reported for the Pacific during the last glacial-interglacial transition, changes observed during T1 do not strictly coincide with alternating El Niño-or La Niña-like mean states and are also affected by local factors along the coast such as coastline morphology and sea level change. In contrast, Holocene productivity generally ranged between moderate and high values at the southern shelf, while low or interrupted sedimentation at the central shelf and near-complete Si(OH) 4 utilization and more stratified conditions characterized the northern region, similar to modern conditions. 
